Introduction
Utilization of solar energy -the part transmitted to the earth in the form of light-relies on how effectively it can be converted into the form of electricity. In this regard, dye-sensitized solar cells have attracted recent attention as they are expected to offer the possibility of inexpensive yet efficient solar energy conversion. The performance of dye-sensitized solar cells depends critically on a constituent nanocrystalline wide-band-gap semiconductor (usually titania, TiO 2 , nanoparticles) on which a dye is adsorbed. The electrical and optical properties of such nanoparticles are often dependent on their morphology and crystallinity in addition to size, and hence, it is essential to be able to control the particle size, shape, their distributions and crystallinity (Empedocles et al., 1999; Nirmal & Brus, 1999; Manna et al., 2000) , which requires an in-depth understanding of the mechanisms of nucleation and growth as well as such processes as aggregation and coarsening. Among the unique properties exhibited by nanomaterials, the movement of electrons and holes in semiconductor materials is dominated mainly by the well-known quantum confinement, and the transport properties related to phonons and photons are largely affected by the size, geometry, and crystallinity of the materials (Alivisatos, 1996a (Alivisatos, , 1996b Murray et al., 2000; Burda et al., 2005) . Up to now, various ideas for morphological control were introduced (Masuda & Fukuda, 1995; Masuda et al., 1997; Lakshmi et al., 1997a Lakshmi et al., , 1997b Penn & Banfield, 1998; Banfield et al., 2000; Peng et al., 2000; Puntes et al., 2001; Pacholski et al., 2002; Tang et al., 2002 Tang et al., , 2004 Peng, 2003; Scher et al., 2003; Yu et al., 2003; Cao, 2004; Cheng et al., 2004; Cui et al., 2004; Garcia & Tello, 2004; Liu et al., 2004; Pei et al., 2004; Reiss et al., 2004; Song & Zhang, 2004; Wu et al., 2004; Yang et al., 2004; Zhang et al., 2004 ) based on: (1) a mixture of surfactants used to bind them selectively to the crystallographic faces for CdS (Scher et al., 2003) , (2) monomer concentration and ligand effects for CdSe (Peng et al., 2000) , (3) growth rate by controlling heating rate for CoFe2O4 (Song & Zhang, 2004) , (4) www.intechopen.com Solar Cells -Dye-Sensitized Devices 206 biological routes in peptide sequence for FePt (Reiss et al., 2004) , (5) controlled removal of protecting organic stabilizer for CdTe (Yu et al., 2003; Tang et al., 2002 Tang et al., , 2004 , (6) anodic alumina used as a template (Masuda & Fukuda, 1995; Masuda et al., 1997) , and (7) the "oriented attachment" mechanism for nanoparticles (Penn & Banfield, 1998; Banfield et al., 2000) . A number of methods have been developed to control the shape of nanocrystals on the basis of these ideas. Titanium dioxide has a great potential in alleviating the energy crisis through effective utilization of solar energy with photovoltaics and water splitting devices, and is believed to be the most promising material for the electrode of dye-sensitized solar cells (Fujishima & Honda, 1972; Fujishima et al., 2000; Hagfeldt & Grätzel, 2000; Grätzel, 2000 Grätzel, , 2001 Grätzel, , 2004 Grätzel, , 2005 Nazeeruddin et al., 2005) . To further pursue this potential in terms of its morphology in dispersion, we have synthesized highly crystallized nanoscale "one-dimensional" titania materials such as titania nanowires having network structure and titania nanorods , which were confirmed to provide highly efficient dye-sensitized solar cells (Adachi et al., 2007 Kurata et al., 2010) . Extremely high crystalline features of nanorods can be perceived in the images of highresolution transmission electron microscopy (Yoshida et al., 2008; Kurata et al., 2010) as shown in Fig. 1 . A highly magnified, high-resolution transmission electron microscopy image (Fig. 1b) demonstrates a well-regulated alignment of titanium atoms in crystalline anatase structure with essentially no lattice defects. The TiO 2 anatase (101) face, (-101) face, and (001) face are clearly observed; a specific feature definitely captured and to be noted is that the nanorod edge is sharply demarcated by the kinks consisting of (101) and (-101) planes. Such bare anatase crystal with atomic alignment -anatase TiO 2 crystals not covered with amorphous or additional phases around the edge or rim -is extremely important, when used as the materials for the electrodes, to achieve high performance for electrons transport and dye adsorption in the dye-sensitized solar cells. The longitudinal direction of the nanorod is along the c-direction, and the lattice spacing of 0.95 nm for the (001) plane and that of 0.35 nm for the {101} plane agree quite well with the corresponding values recorded in JCPDS. Such visual evidence strongly supports that the electron transport rate in the titania nanorods is expected to be very rapid, bringing highly efficient dye-sensitized solar cells through the use of the titania nanorods as the materials for the electrodes. So far we have attained the power conversion efficiency ranging from 8.52% (Kurata et al., 2010) to 8.93% (Yoshida et al., 2008) using these nanorods as the electrode of dye-sensitized solar cells. In order to realize further improvement in conversion efficiency, we need to investigate the ways to control the shape as well as size of these nanorods by maintaining the extremely high crystalline feature of the nanorods. To accomplish the proper control of size and shape of nanorods, we examined the formation processes of nanorods under the most suitable condition for making nanorods, which is called "standard condition" hereafter, the results of which were detailed in a published work (Kurata et al., 2010) . In this chapter we first present the formation processes of titania nanorods under the standard condition in reasonable depth (Kurata et al., 2010) . We then present the effects of both the concentrations of reactants, especially ethylenediamine, and the temperaturechange strategy on the formation processes of nanorods. Based on all these findings, shape and size control of highly crystallized titania nanorods was proposed and carried out, leading to high-aspect-ratio, longer titania nanorods with highly crystallized state being successfully synthesized. We finally present that high dispersion of titania nanorods having highly crystallized state can be attained with the help of acetylacetone. 
Experimental
The experimental procedure under the standard condition has been described in detail in our previous papers Kurata et al., 2010) . Here, we summarize the essential part of the standard procedure and describe the modifications made on it. First, a 10-wt% aqueous solution of blockcopolymer F127 [(PEO) 106 -(PPO) 70 -(PEO) 106 ] was prepared using deionized pure water (Millipore Milli-Q). Cetyltrimethylammonium bromide was dissolved in the F127 solution at 308 K with a fixed concentration of cetyltrimethylammonium bromide, 0.055 M. In some modified cases the synthesis was carried out under no cetyltrimethylammonium bromide conditions. Ethylenediamine was added as a basic catalyst and also as a shape director (Sugimoto et al., 2003) . The concentration of ethylenediamine was 0.25 M in the standard condition; in the modified conditions, the ethylenediamine concentration was varied from 0 to 0.5 M in order to examine its effects. After a transparent solution was obtained, tetraisopropyl orthotitanate (0.25 M) was added into the solution with stirring. This solution was stirred for half a day in the standard condition. The solution including white precipitates obtained by hydrolysis and condensation reactions of tetraisopropyl orthotitanate was then transferred into a Teflon autoclave sealed with a crust made of stainless steel, and reacted at 433 K for a desired period.
In the modified cases with temperature strategy, the reaction temperature was reduced during the preparation from 433 to 413 K to investigate its effects on the reaction mechanism. When acetylacetone was used to modify tetraisopropyl orthotitanate by binding acetylacetone to Ti atoms of tetraisopropyl orthotitanate, the transparent solutions were obtained after one-week stirring before hydrothermal reaction. The reaction product obtained under the hydrothermal condition at a desired time was washed by isopropyl alcohol and deionized pure water, followed by separating the reaction product by centrifugation (Kokusan H-40F). After the washing, the obtained sample was dried in vacuum for 24 h (EYELA Vacuum Oven VOS-450-SD). To gain additional insight into the underlying mechanism for the transition from amorphous-like structure to titania anatase crystalline structure in the early stage of the reaction, changes in shape and crystalline structure of reaction products upon calcination at 723 K for 2 h were observed and measured.
Results and discussion

Formation processes under standard condition
First of all, the formation processes under the standard condition are described prior to comparing the experimental results and discussing the effects of various modifications on those under the modified conditions. Typical transmission electron microscopy images of reaction products at 0.5, 2, 3.5, 4, 6, and 24 h under the standard condition (Kurata et al., 2010) are shown in Fig. 2 . At 0.5 h, only a film-like structure was observed. At 2 h, the shape of reaction products was still mostly film-like, while some deep-black wedge-shaped structure partly appeared. At 3.5 h, the main structure was still film-like, with uneven light and dark patches recognized. At 4 h, however, only rod-shaped products were observable, signifying that the film-like shape with amorphous-like structure changed to nanorodshaped titania in a time interval between 3.5 and 4 h. After 6 h, only nanorod shape was observed. The morphology was observed to change very slowly with time after 6 h. 3 shows the variation in X-ray diffraction spectra (a) from 0.5 to 4 h and (b) from 4 to 24 h under the standard condition (Kurata et al., 2010) , i.e., 0.25-M tetraisopropyl orthotitanate, 10-wt% F127, 0.055-M cetyltrimethylammonium bromide, 0.25-M ethylenediamine, and at 433 K. In the initial stage of reaction, X-ray diffraction spectra showed almost no clear peak, indicating the TiO 2 formed was amorphous. From 2 to 3.5 h, tiny and broad anatase peaks appeared, but the main structure of titania was still amorphous-like. During 3.5 to 4 h interval, a drastic change in the X-ray diffraction spectrum was detected, signifying the evolution from amorphous-like to clear anatase crystalline structure. From 4 to 24 h, X-ray diffraction spectra showed no appreciable changes. In order to investigate the underlying process for the transition from amorphous-like structure to titania anatase crystalline structure in the early stage of the reaction, variations in shape and crystalline structure of reaction products upon calcination at 723 K for 2 h were utilized by Kurata et al. (2010) . Fig. 4 shows the structural change from amorphous to anatase phase at 0.5 h after calcination, and the amorphous-like structure at 2 and 3.5 h also changing to anatase phase. At 4 h, the anatase crystalline structure was already formed before calcination. After 6 h, the X-ray diffraction patterns obtained before calcination almost completely coincided with those after calcination, indicating that crystalline structure before calcination did not change upon calcination owing to the highly crystallized state already achieved prior to calcination. Transmission electron microscopy images of reaction products at reaction times of 0.5, 2, 3.5, 4, 6, and 24 h after calcination at 723 K for 2 h (Kurata et al., 2010) are shown in Fig. 5 . Titania anatase nanoparticles with diameter around 10 nm were identifiable for the reaction products obtained at 0.5 h upon the calcination. While the product obtained at 1 h also changed to nanoparticles, the product obtained at 2 h changed to a mixture of nanoparticles and nanorods on the calcination. Similarly, a mixture of nanoparticles and nanorods were obtained for the product of 3.5 h upon the calcination. The fraction of rods at 3.5 h increased in comparison with that at 2 h. The nanorods formation could thus be claimed to be attributed to the growth of nuclei with anatase-like structure on the calcination. X-ray diffraction spectra before the calcination at 2 and 3.5 h were quite different from those of highly crystallized titania anatase at 6 and 24 h. Fig. 4 . Variation in X-ray diffraction patterns of reaction products upon calcination at 723 K for 2 h for the samples obtained at reaction times of 0.5, 2, 3.5, 4, 6, and 24 h.
The peak at 48.3 deg corresponding to (200) plane (2θ = 48.1 deg) in anatase phase was clearly observable and larger than those at 37.7 and 63 deg corresponding to (004) and (204) planes. Furthermore, no peak is observable at 38.6 deg, which corresponds to characteristic peak of (11) plane of Lepidocrocite (two-dimensional titania crystal). Therefore, the crystalline structure generated from film-like amorphous phase is inferred to be very thin two-dimensional anatase crystal. The intensity ratio of (004) peak to (200) peak in X-ray diffraction spectra is shown in Fig. 6 as a function of the reaction time before and after calcination (Kurata et al., 2010) . The almost zero ratio was obtained from 0.5 to 2 h in the absence of calcination, indicating that ordering of amorphous titania from random connection to crystal, evidenced partly in Fig. 2 and 3, occurred only in the film with no growth in the c-axis. The ratio, then, had increased progressively up to 0.38 at 3.5 h revealing slight growth in the c-axis, until the ratio attained a maximum rate of increase between 3.5 and 4 h duration, corresponding to the drastic change in the shape and crystalline structure of reaction products. Such an overwhelming increase in the intensity ratio (004)/(200) indicates that the phase transition from amorphous-like phase to anatase phase can bring about significant growth in the c-axis. The highest value was obtained at 4 h and slightly decreased with time, asymptotically approaching a constant of ~1.2 after 6 h. After calcination, the ratio gradually increased from 0.5 up to 6 h, and then reached a constant value, which was identical to the value obtained before calcination. These two distinctive trends shown in Fig. 6 signify that the crystalline structure of nanorods did not change on calcination, maintaining the intensity ratio at the same asymptotic level (~1.2) before and after calcination. . Intensity ratio of (004) peak to (200) peak in X-ray diffraction spectra with reaction time under conditions before and after calcination.
Effects of ethylenediamine concentration and temperature change on the formation processes of nanorods
We investigated the effects of both ethylenediamine concentration and temperature change on the formation processes of nanorods. In particular, their mechanistic contributions to size and shape control of highly crystallized titania nanorods were inferred, together with the results of formation processes under standard condition mentioned above.
EDA 0.5 M AB CD EDA 0.5 M AB CD Fig. 7 . Transmission electron microscopy images of reaction products synthesized at different ethylenediamine concentrations by hydrothermal method. Reaction conditions: 433 K, 6 h. "EDA" designates ethylenediamine. Fig. 7 shows the effects of ethylenediamine concentration on the morphology of reaction products at 433 K for 6 h. When the ethylenediamine concentration was 0, titania particles with aspect ratio of roughly unity were formed. As the concentration was changed from 0 to 0.1 M, the morphology of titania shifted from particulate to a mixture of particles and rods. As the concentration reached 0.25 M (i.e., the value used under the standard condition, and thus as expected), only nanorods were observed to form, while at an ethylenediamine concentration as high as 0.5 M the observed products appeared to be unexpectedly film-like titanate. The corresponding X-ray diffraction spectra for the given series of samples are shown in Fig. 8 . When the ethylenediamine concentration was 0 M, typical anatase peaks were obtained where (004) peak has a lower height than (200) peak, matching the spherical shape observed in Fig. 7A . When the ethylenediamine concentration was 0.25 M, a clear anatase spectrum was observed with higher (004) peak in comparison to (200) peak, signifying the formation of titania nanorods. For 0.1-M ethylenediamine concentration an intermediate spectrum between those of 0 and 0.25 M was observed due to the formation of particle-rod mixture as discussed above (see Fig. 7B ). When the concentration became 0.5 M, a weak amorphous-like spectrum was obtained, corresponding to the observation of filmlike structure in Fig. 7D . All these results signify that there should exist an optimum ethylenediamine concentration for controlling the rate of formation of titania nanorods at  0.25 M, above which -specifically at as high as 0.5 M -the reaction rate tends to slow down; that is, the morphological transition would be delayed. Such inference could be made by referring the morphology transformation as depicted in Fig. 2 under the standard condition with 0.25-M ethylenediamine. To further investigate the formation processes of titania nanorods at this high ethylenediamine concentration of 0.5 M, we carried out a series of experiments for evaluating the time course of the formation processes; the results are shown in Fig. 9 . Filmlike structure was observed up to 6 h as stated above; after 8 h, however, only rod shape was identifiable, signifying that the transformation from the amorphous film-like structure to the anatase titania nanorods has been almost completed by this time. Fig. 10 shows transmission electron microscopy and high-resolution transmission electron microscopy images of the www.intechopen.com
Shape Control of Highly Crystallized Titania Nanorods for Dye-Sensitized Solar Cells Based on Formation Mechanism 213 reaction product obtained at 45 h. Ordered alignment of titania atoms in anatase structure can be clearly perceived, indicating the formation of highly crystallized titania anatase nanorods.
h 8 h 6 h
45 h 4 h 8 h 6 h 45 h Fig. 9 . Transmission electron microscopy images of reaction products obtained at different reaction times for 0.5-M ethylenediamine concentration. The rest of reaction conditions are the same as in the standard condition.
The effect of temperature change/reduction was examined by obtaining the time course of the formation processes at 413 K based on scanning electron microscopy images and X-ray diffraction measurements; the results are shown in Figs. 11 and 12, respectively. As shown in Fig. 11 , the film-like structure was still observed at even 36 h. The X-ray diffraction spectrum obtained at 36 h shows no significant peaks, i.e., amorphous-like phase formation, which was observed under the standard condition at only up to 3.5 h (see Fig. 3a) . Therefore, the reaction rate at 413 K became significantly slower. From scanning electron microscopy images, coexistence of titania nanorods and film was observed until 56 h, which was never recognized at the standard reaction temperature 433 K. It was after 64 h that only titania nanorods were finally observed. The scanning electron microscopy image obtained at 64 h shows a wide distribution in length of nanorods from roughly 10 to 600 nm, implying that nucleation and growth of nanorods would proceed concurrently because of the slow reaction rate at 413 K. The X-ray diffraction spectrum at 48 h, on the other hand, shows anatase peaks, though each peak height is not high. The peak height increases gradually with time up to 64 h. This observation suggests again the coexistence of amorphous-like films and titania nanorods. The peak height becomes higher with an increase in the fraction of titania nanorods up to 64 h. The observations and measurements made on temperature change described above are summarized in Fig. 13 . At 413 K, the reaction is slow, resulting in concurrence of nucleation and growth of nanorods. At 433 K, on the other hand, the reaction occurs rapidly, resulting in 1) the prevalence of nucleation almost exclusively in the amorphous phase in the early reaction stage, 2) a drastic change from amorphous phase to crystalline titania anatase nanorods, and 3) no concurrence of nucleation and growth of nanorods. These findings should give some hints for the strategy for size and shape control. 
Strategy for shape and size control of highly crystallized titania nanorods
The proposed strategy is given in Fig. 14. Nuclei are to be generated at a higher temperature 433 K in the early stage of reaction. These nuclei formed coincidently are to be reacted at a reduced temperature 413 K under hydrothermal conditions without further nucleation. Then, growth of rather uniform-sized and shaped nanorods is expected, in the aid of high concentration of ethylenediamine in effectively reducing their nucleation rate. In addition, we can also use the effectiveness of acetylacetone in obtaining good dispersion of nanorods (to be discussed later). The specific preparation procedures are as follows. The even formation of nuclei was attempted at 433 K under the standard condition via the hydrothermal reaction for 2 h before being cooled down to room temperature. Ethylenediamine was then added to have its concentration be 0.5 M for selectively reducing nucleation rate. Formation reaction with these precursory nuclei was successively carried out at 413 K under the hydrothermal condition for 52 h; the reaction conditions are in the following: 0.25-M tetraisopropyl orthotitanate, 10-wt% F127, 0.055-M cetyltrimethylammonium bromide and 0.5-M ethylenediamine. A transmission electron microscopy image of thus obtained nanorods is shown in Fig. 15 . Over 800-nm long, high-aspect-ratio nanorods were indeed obtained. In comparison to the nanorods images for 433 K at 24 h shown in Fig. 2 and those for 413 K at 64 h in Fig. 11 , the nanorods obtained based on the proposed shape-control strategy were certainly improved in terms of morphological uniformity, despite the presence of some shorter nanorods, which stems from the not completely avoidable occurrence of nucleation during the formation reaction. Fig. 15 . Transmission elecron microscopy image of shape-controlled nanorods prepared based on the strategy given in Fig. 14. 
Highly dispersed titania nanorods obtained with the help of acetylacetone
The effect of addition of acetylacetone was examined separately. In the experiments the same moles of acetylacetone and tetraisopropyl orthotitanate were mixed with each other to make a 1:1 complex. The complex was added to an aqueous solution of 10-wt% F127 containing 0.3-0.5 M ethylenediamine but no cetyltrimethylammonium bromide. The solution was stirred for one week at room temperature. The solution became transparent after 1-week stirring, which was never observed in the absence of acetylacetone. Adding acetylacetone thus must have a critical effect on particle dispersion. An example of nanorods thus obtained is shown in Fig. 16 (top) under the condition of 0.3-M ethylenediamine. Very good dispersion of titania nanorods was attained, and highly crystallized state is obvious as demonstrated in the high-resolution image in Fig. 16 (bottom). Since acetylacetone is known to adsorb on the surface of titania anatase crystal (Connor et al., 1995) , adsorbed acetylacetone molecules could prevent aggregation of titania nanorods, resulting in such good dispersion. Also, since acetylacetone is expected to affect the formation mechanism, utilization of acetylacetone might improve the shape-control scheme of nanorods. 
Application for dye-sensitized solar cells
The application of highly crystallized titania nanorods for making dye-sensitized solar cells was already reported (Yoshida et al., 2008; Kurata et al., 2010) . A titania electrode made of titania nanorods was successfully fabricated as follows. The complex electrodes were prepared by the repetitive coating-calcining process: 3 layers of titania nanoparticles (Jiu et al., , 2007 were first coated on FTO conducting glass, followed by 7 layers of mixed gel composed of titania nanorods and P-25. High light-to-electricity conversion efficiencies of 8.52 to 8.93% were achieved as exemplified in Fig. 17 . We are now trying to get much higher power conversion efficiency by utilizing the shape-controlled, highly crystallized titania nanorods with high dispersion as a titania electrode of dye-sensitized solar cells. 
Conclusions
The formation processes of highly crystallized titania nanorods were revealed in detail under 10-wt% F127, 0.25-M tetraisopropyl orthotitanate, 0.055-M cetyltrimethylammonium bromide, 0.25-M ethylenediamine, and 433 K (standard) conditions. Strategy for shape and size control of highly crystallized titania nanorods was proposed through the findings obtained by examining the effects of both ethylenediamine concentration and temperature change on the formation processes of titania nanorods. Over 800-nm long and high-aspect-ratio, highly crystallized titania nanorods were successfully synthesized following the proposed strategy. Adachi, M. Jiu, J. & Isoda, S. (2007) . Synthesis of morphology-controlled titania nanocrystals and application for dye-sensitized solar cells. Current Nanoscience, 3, 
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